Background {#Sec1}
==========

The introduction of microbubbles as an ultrasound contrast agent in 1968 increased the diagnostic potential of ultrasound without major drawback \[[@CR1]\]. Nowadays, microbubbles are widely accepted as a clinical agent in diagnostic ultrasound. These microbubbles are smaller in size than erythrocytes and thus capable of passing through the smallest capillaries. Their acoustic properties make it possible to improve the quality of the local image. Depending on the peak acoustic pressure produced by a source the microbubble scatters in a unique manner. Under influence of low acoustic peak pressures, i.e. mechanical index (MI) below 0.1, the microbubble oscillates linearly, thus enhancing the backscatter. Increasing the peak pressure (MI 0.1--1.0) induces the microbubble to oscillate nonlinearly resulting in harmonic backscatter. Peak pressures with an MI above 1.0 lead to bubble disruption causing transient nonlinear harmonic backscattering. These different types of acoustic behavior can be used for several clinical applications \[[@CR2]\].

More recently, it was also shown that combining microbubbles with ultrasound has therapeutic possibilities. Ultrasound alone has proven its therapeutic potential in the field of thromboembolic processes. In vitro and in vivo studies have revealed that the presence of ultrasound increased clot lysis, particularly in low frequency ultrasound with high power \[[@CR3]\]. It was implicated that cavitational effects were the main working mechanism behind these results. Cavitation is the creation, vibration and destruction of small bubbles in a medium. Since it was known that microbubbles lower the threshold for acoustic cavitation it was assumed that the addition of microbubbles during ultrasound application could enhance clot lysis even further. Tachibana and Tachibana were the first to prove this principle in vitro \[[@CR4]\].

Although cavitation is believed to be the driving force behind this effect, based on the occurrence of microstreaming and shear stress \[[@CR5]\], it is also assumed that the generation of reactive oxygen species in endothelial cells \[[@CR6]\] and local temperature rise after the microbubble collapse \[[@CR7]\] play a pivotal role. However, the full mechanism remains to be resolved \[[@CR8]\].

After the first positive in vitro results, different in vivo studies have confirmed enhanced clot lysis (Table [1](#Tab1){ref-type="table"}). These studies focused on the macrovascular system and applied different ultrasound frequencies and acoustic pressures. It is known that low frequency ultrasound has a better penetration and thus potentially leads to a better thrombolytic result. Nevertheless, since high frequency ultrasound is already commercially available in the diagnostic field because of its better spatial resolution, the first phase II trial in the neurological field by the CLOTBUST investigators has been performed using high frequency ultrasound. They randomly assigned 126 stroke patients to receive continuous ultrasound or placebo following treatment with intravenous tissue-type plasminogen activator (t-PA) within 3 h after the onset of symptoms. Their results show a significant increase of complete recanalisation in the ultrasound group compared with placebo \[[@CR9]\]. In a spin-off study in stroke patients, microbubbles were added on top of ultrasound and t-PA. This led to a further enhancement of ultrasound augmented thrombolysis, resulting in increased complete recanalisation rates \[[@CR10]\]. Table 1Studies assessing the influence of microbubbles and ultrasound on thrombolysisAuthor(s)/referenceMicrobubbleTarget in vivo/in vitroTL, US, MBUS frequencyOutcomeTachibana and Tachibana \[[@CR4]\]Albumin MB (albunex)In vitro thrombusUrokinase, US and MB170 kHz, 0.5 W/cm^2^Significantly increased thrombolysis with thrombolytics, US and MBKondo et al. \[[@CR22]\]Air-filled MB with galactose/palmitic acid shellIn vitro white thrombust-PA, US and MB10 MHz, 0.5−1.0 W/cm^2^Significant enhancement of thrombus reduction by MBNishioka et al. \[[@CR23]\]DDFPIn vitro and in vivo canine iliofemoral arteriesMB and US20 kHz, 1.5 W/cm^2^Increased clot disruption and recanalisation with US and MBPorter et al. \[[@CR24]\]Air-filled MB/PESDA MBIn vitro thrombusUrokinase, US and MB20 kHz, 40 W/cm^2^Significantly better thrombolysis of PESDA than air-MB. Optimal thrombolysis with UK and MBBirnbaum et al. \[[@CR25]\]PESDA MBIn vivo canine iliofemoral arteryUS and MBUp to 160 W/cm^2^Significantly higher recanalisation rate with MBSiegel et al. \[[@CR26]\]DDFP/PESDAIn vivo rabbit iliofemoral artery and canine LADSK, US, MB20−37 kHz, 1.5−160 W/cm^2^Increased clot dissolution with US, MB and SKCulp et al. \[[@CR27]\]PESDA tagged with eptifibatideIn vivo pigs ascending pharyngeal arteryUS and MB1 MH, 2 W/cm^2^Improvement of recanalisation rate in eptifibatide tagged PESDAXie et al. \[[@CR15]\]Glycoprotein IIb/IIIa targeted MB/Lipid MBIn vivo pigs LAD occlusionPUK, US, MB1.5 MHz, MI 1.9Significantly higher epicardial recanalisation and microvascular recovery with targeted MBCLOTBUST investigators \[[@CR9]\]--In vivo middle cerebral artery Phase 2 trialt-PA and US2 MHzUltrasound augments t-PA induced arterial recanalisationMolina et al. \[[@CR10]\]Galactose MB (Levovist)In vivo middle cerebral artery Phase 2 trialt-PA, US, MB2 MHzMB safely induces acceleration of US enhanced thrombolysisCohen et al. \[[@CR28]\]--In vivo STEMI Phase 2 trialrt-PA and US27 kHzNo major adverse eventsEggers et al. \[[@CR29]\]--In vivo middle cerebral arteryrt-PA and US1.8 MHz, 179 mW/cm^2^Improvement in short-term clinical outcome and recanalisation rateMolina et al. \[[@CR30]\]MRX-801In vivo Phase 1--2 trial acute ischemic stroket-PA and US2 MHzTrend towards higher recanalisation rates in treatment group*TL* Thrombolytic, *MB* microbubble, *US* ultrasound, *(r)t-PA* (recombinant) tissue plasminogen activator, *PESDA* perfluorocarbon-exposed sonicated dextrose albumin, *(P)UK* (pro)-urokinase, *DDFP* dodecafluoropentane, *LAD* left artery descending; *SK* streptokinase

Currently, the first choice of treatment in patients with acute ST-elevation myocardial infarction (STEMI) is primary percutaneous coronary intervention (PCI) \[[@CR11]\]. When PCI is not available, the administration of thrombolytics within 12 h after onset of symptoms is the optimal approach. Nevertheless, the recanalisation rate after thrombolysis is very low and is also related to more haemorrhagic complications \[[@CR12]\].

Until now the combination of diagnostic ultrasound, intravenous microbubbles and thrombolytic therapy has never been tested in STEMI patients admitted for primary PCI. Therefore, we have initiated the first pilot study to determine the safety, feasibility and efficacy of three-dimensional (3D) ultrasound and microbubbles to increase the epicardial reperfusion rates in patients with their first acute STEMI presenting in the hospital for primary PCI.

The Sonolysis trial {#Sec2}
===================

We plan to include patients between 18 and 80 years of age diagnosed with their first acute STEMI based on a proximal occlusion of the infarct-related artery. In order to increase the likelihood of a proximal occlusion our inclusion criteria consist of a sum of ST elevation of 6 mm or more in combined leads and 1 mm or more ST-elevation in lead V4R in case of an inferior infarction. Patients with clinical instability, previous Q-wave myocardial infarction, contraindication to alteplase, known pulmonary hypertension and known allergy to Luminity® are excluded \[[@CR13]\].

Patients are randomised in either a placebo group or a group that receives the ultrasound contrast agent Luminity®. Randomisation takes place when the ambulance announces a patient with an eligible STEMI. This announcement is done through the unique Lifenet system in the Amsterdam region \[[@CR14]\]. A 12-lead ECG of a patient with chest pain is taken by ambulance personnel and sent to a computer in the coronary care unit of the hospital. There, the cardiology resident on call consults the intervention cardiologist and together they check the ECG for inclusion criteria. If the patient is eligible for the study, the ambulance personnel are informed and they check for contraindications to alteplase using a questionnaire. If there are no contraindications patients are pre-treated in the ambulance with a loading dose of aspirin 500 mg iv, heparin 5000 IU iv, and a single bolus alteplase 50 mg iv.

On arrival at the hospital, patients receive, after oral informed consent, either placebo (i.e. 50 ml saline 0.9%) without ultrasound, or the ultrasound contrast agent Luminity® during simultaneously pulsatile 3D ultrasound application using the diagnostic ultrasound machine iE33 (Philips, Best, the Netherlands) with a frequency of 1.6 MHz and a MI of 1.18. The matrix 3D probe will be used to obtain 3D full volume images of the aortic root in the parasternal short-axis view to ascertain that the proximal parts of the epicardial coronary artery system are encompassed within the target zone. In order to ensure that the microbubbles replenish around the occlusion of the infarct-related artery, ultrasound is applied intermittently (5 s on, 5 s off). The microbubbles are infused intravenously for 15 min using a continuous infusion pump at a rate of 200 ml/h.

After 15 min, patients are immediately transported to the catheterisation laboratory where they undergo an emergency angiogram to assess TIMI flow and subsequently primary PCI is carried out when necessary.

Biomarkers and ECG are obtained every 3 h during the first 24 h. After 2 to 9 days and after 4 months follow-up, a two-dimensional echocardiogram and a delayed contrast-enhanced MRI are conducted to measure left ventricular volumes and ejection fraction, wall motion score and scar mass.

Primary endpoint of the study is the TIMI flow grade to document patency of the culprit vessel.

Safety is assessed by documenting adverse events and serious (cardiac) adverse events during treatment and follow-up of 4 months. Death, cardiogenic shock, ventricular fibrillation, sustained ventricular tachycardia, major bleeding (e.g. when packed cells are needed) and recurrent myocardial infarction are marked as serious cardiac adverse events.

Feasibility is based on the successful accomplishment of the treatment protocol prior to PCI.

Fig. [1](#Fig1){ref-type="fig"} shows a case example of a patient who received active therapy with diagnostic 3D ultrasound and intravenous microbubbles. An acute STEMI of the anterior wall is visible on the ECG obtained in the ambulance. The sum of ST elevation is 28 mm which meets the inclusion criteria. At the end of ultrasound treatment the ECG showed an accelerated idioventricular rhythm (not shown) and the patient noticed chest pain relief. On the emergency angiogram TIMI III flow of the left descending artery was seen, prior to PCI. Since there was still a more than 70% stenosis, PCI was performed. ECG at 60 min after primary PCI shows more than 70% ST resolution and maximum CK-MB was 104 μg/l. No adverse events occurred during treatment and at 4 months follow-up. Fig. 1Example of a patient. The top ECG shows an acute anterior wall infarction. The patient received active treatment and subsequently underwent angiography which revealed a TIMI III flow with more than 70% occlusion of the proximal LAD. A stent was placed and the ECG 60 min after primary PCI showed more than 70% ST resolution

Future application {#Sec3}
==================

No-reflow {#Sec4}
---------

The aim of this pilot study is to assess safety, feasibility and efficacy of the treatment with diagnostic 3D ultrasound and intravenous microbubbles in the setting of an acute STEMI with pre-treatment of low-dose thrombolytics in the ambulance, focusing on the epicardial reperfusion rate under influence of ultrasound and microbubbles compared with placebo.

Interestingly, until recently, research was focused on recanalisation of the thrombotic occluded epicardial artery. In an in vivo pig study it was observed that the microvascular flow improved after treatment of the risk area despite absence of epicardial reperfusion \[[@CR15]\]. Preliminary data in a second pig experiment by the same group using 3D ultrasound confirmed these results \[[@CR16]\]. Not only does the combination of ultrasound and microbubbles have an effect on the epicardial coronary artery system, it might also have a positive effect on microvascular flow after acute STEMI and thus serve as an adjuvant therapy in patients with no-reflow. A possible explanation might be the local release of nitric oxide under influence of ultrasound, resulting in an increased capillary diameter and thus improvement of local perfusion \[[@CR17]\]. Furthermore, the earlier mentioned temperature rise and creation of microjets under influence of cavitation might also influence the pathogenetic mechanism of no-reflow in the microvasculature \[[@CR18]\].

Drug and gene delivery {#Sec5}
----------------------

On top of the enhanced thrombolytic effect, the combination of ultrasound and microbubbles has also proven its potential in the field of drug and gene delivery. The local destruction of microbubbles under the influence of ultrasound results in the enhanced uptake of dextran molecules. It was shown by Meijering et al. that pore formation as well as endocytosis are the two main mechanisms of uptake \[[@CR19]\]. This implicates possible pathways for local drug and gene delivery. Especially, in combination with the option to target the microbubbles to increase the local concentration in the area of interest, this might enhance the potential effect of stem cell therapy in the setting of an acute MI \[[@CR20]\]. In a mouse MI model, Fujii and colleagues have managed a successful local delivery of vascular endothelial growth factor (VEGF) and stem cell factor (SCF) incubated in microbubbles using ultrasound for local destruction, resulting in improved myocardial perfusion and ventricular function \[[@CR21]\].

Conclusion {#Sec6}
==========

This first Sonolysis study might stimulate future research and technical innovations to improve the treatment of STEMI patients to obtain more patency at an earlier stage in the ambulance. Furthermore, the combination of ultrasound and intravenous microbubbles might also be useful in the setting of primary PCI for treatment of no-reflow.

Thus, the application of ultrasound and microbubbles in the field of cardiology are very widespread and hold great opportunities for future therapeutic interventions.
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